A new type of template-assisted cyclization was found to occur in the course of nucleophilic reactions on chalcone podands, thus resulting in the formation of rather new complex polycyclic compounds. The structure of 25-methyl-23,29-diphenyl-8,11,14-trioxa-24-azahexa-cyclo[20.8.0.0 2,7 .0 15,20 
Introduction
Tandem and cascade reactions were proved to be an important part of synthetic and combinatorial chemistry. [1] [2] [3] A vast majority of the syntheses leading to alkaloids, terpenes and other compounds of natural origin appear to be associated with a sequence of several reactions. [4] [5] [6] [7] [8] For instance, the synthesis of bicyclic tropinones has been realized as the sequence of two Mannich condensations. [4] Also the synthetic strategy to obtain the family of Daphniphyllum alkaloids, [9] for example the compound 4, is based on the cascade of reactions, including the Michael nucleophilic addition [7, 8] of amide 1 to methyl cyclopenten-1-carboxylate 2 followed by α-alkylation with homogeranyl iodide 3 and cyclization of the intermediate А into dihydropyridine B, bearing both alkenyl and azadiene fragments (Scheme 1).
The intramolecular Diels-Alder cycloaddition is the key step of this synthetic approach affording the core structure of 2-azabicyclo[2.2.2]oct-2-ene in the intermediate C. It is essential, that the alkane bridge connecting both diene and dienophile fragments in the same molecule of the intermediate B has provided high regio and a stereocontrol of this process. Numerous examples of this approach in total synthesis of polycyclic frameworks are known. [10] In supramolecular chemistry the oligooxyethylene fragment of noncyclic crown ethers in combination with the template effect of metal ions plays a similar role in the synthesis of various macrocycles. [11, 12] For instance, recently we have reported [13] on photoinduced [2+2]-cycloaddition of chalcone podands, such as 5 [14] (Scheme 2), proceeding in the solutions in the presence of alkaline metal ions and leading directly to the formation of the corresponding Scheme 1. Synthesis of (±)-methyl homosecondaphniphyllate.
cyclobutane-containing dibenzo-crown ethers. Furthermore, chalcone podands, in which two enone fragments (Michael acceptors) are linked through conformationally flexible oligooxyethylene chain, may be considered as functionalrich compounds for the synthesis of (hetero)polycyclic structures. However, there are only rare examples of use of podands in the synthesis of heterocyclic compounds directly on the basis of bis(phenoxy)oligo(oxyethylene) fragments, [15] including multicomponent processes. [16] Here we report on the unusual formation of crownophane 7 bearing the azaheterocyclic fragment with the same core structure С of 2-azabicyclo[2.2.2]oct-2-ene (Scheme 1), as a first example of the cascade of nucleophilic reactions, which take place when chalcone podand 5 [11, 12] is allowed to react with 4-aminopent-3-en-2-one 6 in the presence of alkali ions.
Results and Discussion
It has been shown that a base-catalyzed and templateassisted cyclization of chalcone podand 5 with aminoenone 6 affords the polycyclic product 7 which was isolated in a good yield (Scheme 2, Figure 1 ). The structure of crownophane 7 was established by the X-ray crystallography analysis. The data of HPLC [14] studies have shown that the formation of 7 takes place in the presence of either sodium, potassium or cesium ions to give crownophane 7 in 59, 60 and 27% yields, respectively. Attempts to cause the cyclization of 5 and 6 by action of such bases as 1,8-diazabicyclo[5.4 .0]undec-7-ene, 2-tert-butyl-1,1,3,3-tetramethyl guanine, triethylamine and tetramethylammonium hydroxide have failed (Table 1 ). respectively), forming a similar bowl structure with atoms C(7), C(21), C(37) and C(38) in the basis (deviations of atoms from a root-mean-square plane are in the frames of 0.007 Å). Six-membered rings of 2-azabicyclo[2.2.2] oct-2-ene are stabilized in a boat-conformation (values of their torsion angles vary within the range of 48.61(2) -59.37(2)°) with pseudoequatorial phenoxy substituents at C(7) and C (21) Also, it has been found that the template-assisted cyclization of chalcone podand 5 with urea 6 results in the formation of crownophane 8 in 64% yield (Scheme 3, Figure 2 ).
According to the X-ray crystallography data, the skeleton of 14-membered crown ether fragment in compound 7 (Figure 1 ) is practically identical with that of crownophane 8 (Figure 2 ). The polyether chain C (1) high field, whereas signals of three other protons at C 1 , C 22 and C 21 undergo a downfield shift and resonate at δ 3.66 -3.86 ppm due to electronegative through-space effects of oxygen atoms of the polyether chain. This phenomenon has been proved by the X-ray crystallography data, showing a number of shortened C(7)-H···O(1), C(21)-H···O(3), C(22)-H···O(1) and C(22)-H···O(3) intramolecular contacts, which are equal to 2.247 (1), 2.325 (1), 2.773 (2) and 3.052 (2) Å, respectively (Figure 1) .
One of possible ways for the formation of polycyclic crownophane 7 (Scheme 4) suggests that the reaction is initiated by the Michael C-addition of enamine 6 to the C=C double bond of chalcone podand 5. The formation of 7 takes place in the presence of sodium, potassium or cesium hydroxides, thus suggesting that the template assistance of these ions [11] [12] [13] might be a driving force to push a domino sequence of intramolecular transformations. It is well-known that the conformationally mobile podands are able to manifest various types of complexes with alkali ions. In our case, they form, most likely, complexes of the "roost" or "butterfly-like" type, where the guest is arranged at the top of the binding (oxyethylene fragment) surface of the host (see ref. [12] Ch. 4, pp. 287-288 and [17] ). A similar effect has been observed earlier in photoinduced transformation of chalcone podands. [13] Thus, the secondary C-addition results in the formation of the cyclic ether 9. Orientation of the C=O groups in the intermediate 9 provides their vicinity to N-and C-nucleophilic centers, thus facilitating subsequent intramolecular condensations, leading to 10, and finally to the compound 7.
The structure of crown ether 8 derived from the reaction of chalcone podand 5 with urea is also an argument in favor of this cascade A N -A N -A N mechanism, involving a sequence of inter-and intramolecular nucleophilic additions. A genetic link between crownophanes 7 and 8 is evidenced by comparison of their X-ray crystallography data. In particular, the oxygen O(2) is orientated at the benzene ring of phenacyl substituent at C(18) of 8 and at C(23) of 7, the C(21)-H···O(2) distance is equal to 2.571 (1) and C(29)-H···O(2) to 4.747(1) Å, respectively (Figures 1, 2) . Furthermore, the angle between the root-mean-square planes, which pass through C(35), C(33), C(32), C(30) and C(6), C(1), C(3), C(4) atoms of aryl substituents in 7, is equal to 112.32(2)° and, practically, coincides with that for crownophane 8 (the angle between root-mean-square planes C(13), C(14), C(11), C(16) and C(6), C(5), C(2), C(3) is equal to 112.8(2)°).
An alternative [2+2+2] cycloaddition mechanism for the formation of crownophane 11 from starting chalcone podand 5 and enamine 6 can be advanced (Scheme 5). This pericyclic reaction is allowed thermally, while the reaction requirements to have three C=C bonds in close vicinity to each other and to get these bonds to be located in one plane to facilitate the formation of an aromatic 6π-electron transition state can possibly be attributed to the templateeffect of alkali metal ions.
Subsequent two cyclizations on the carbonyl groups afford the crownophane 7.
Conclusions
A new type of template-assisted cyclization has been found to occur in the reaction of chalcone podand 5 with enamine 6 in the presence of alkali metal ions, and two plausible mechanisms for the formation of alkaloid-like crownophane 7, including the cascade A N -A N -A N sequence or the [2+2+2] pericyclic reaction between two C=C bonds of 5 and enamine 6 have been advanced. A high stereoselectivity of the process is provided by the template effect of alkali metal ions on orientation of the reactive groups, in addition to the effect of oligooxyethylene fragment of chalcone podand. [15, 16] Stereochemical features are also in good agreement with the pericyclic character of the reaction, proceeding through the formation of an aromatic 6π-electron transition state promoted by alkali metal ions, available in the reaction mixture.
Experimental
4-Aminopent-3-en-2-one was preliminary obtained from pentane-2,4-dione and ammonium hydroxide at heating on a glyceric bath. All other reagents were of commercial quality. Solvents were dried and purified by standard methods. Routine monitoring of reaction mixtures was carried out using Sorbfil UV 254 (Russia). Column chromatography was done on Davisil silica gel LC 60A (40 -63 μm). MS data were obtained using quadrupole Shimadzu LCMS-2010 system in positive mode with an APCI probe installed with MeOH or CH 3 CN as the solvent.
1 H NMR and 13 C NMR spectra were run on a "Bruker DRX-400" (at 400 and 100 MHz, respectively, with J values in Hz) using TMS and DMSO-d 6 (δ С 39.5 ppm) as references. IR spectra were run on «PerkinElmer» (Spectrum One) spectrometer.
General Method. The following procedure for the synthesis of 7 and 8 has been used: a solution of 0.25 g (0.48 mmol) of chalcone podand 5, [13, 14] 0.095 g (0.96 mmol) of 4-aminopent-3-en-2-one and 0.054 g (0.96 mmol) of КОН (or NaOH, Cs 2 CO 3 , 1,8-diazabicyclo[5.4 .0]undec-7-ene, 2-tert-butyl-1,1,3,3-tetramethylguanine, triethylamine and tetramethylammonium hydroxide) in DMF (10 ml) was heated up to 80 °С, and kept at this temperature for 35 h. The reaction mixture was evaporated and a residue obtained was washed out with several portions of water on a filter. The subsequent chromatography of dry residue on a column with silica gel (TLC, benzene/ethyl acetate 1:1, R f = 0.63) yielded 0.13 g (48%, 60% according to HPLC) 7 as colorless crystals. Compound 8 was obtained analogously by interaction of 0.25 g (0.48 mmol) of chalcone podand 5 with 0.058 g (0.96 mmol) of urea. The dry residue was subjected to chromatography on a silica gel column (TLC, hexane/ethyl acetate 1:1; ethyl acetate, R f = 0.38) to yield 0.17 g (64 %). The content of 7 in the reaction mixtures was analyzed by analytical RP-HPLC (a Phenomenex Luna C-18(2) (4.6×250 mm, 5μm) column) and by using a tuneable UV detector set at 280 nm. A solution of CH 3 CN was changed from 40 to 90% by 0.1% Et 3 N in H 2 O (pH 9.3)) with a flow rate of 0.8 ml/min in gradient mode, t R = 22.3 min (compound 7), t R = 26.3 min (compound 5). [ 2 0 . 8 . 0 . 0 2 ,7 . 0 15 , 2 0 . 0 21, 2 6 . 0 25 , 3 0 ]t r i a c o n t a -2, 4,6,15(20),16,18,23,28-octaene-27-one, 7 . m.p. 280-282°С. Crownophane with Alkaloid-like Core 46.29 (C(22) ), 51.97 (C(26)), 61.87 (C(25)), 67.01, 67.14, 68.74, 68.83 (C(9) -C(13)); 111.02, 111.08 (C(6) , C(16)); 118.73 (C(28)); 119.80, 120.06 (C(4) , C (18) : 693, 749, 766 (arom.); 851, 874, 930, 944, 1030 ; 1060 (ν s, С arom -О-С alk ); 1097, 1113, 1141 (ν as , ν s, С alk -О); 1254 (ν as, С arom -О-С alk ); 1276, 1294, 1348, 1371, 1451, 1490; 1571, 1601 (δ, С=С, C=N); 1659 (δ, С=О); 2826, 2873, 2929, 2946, 2967 (δ, С alk -Н) ; 3032, 3062 (δ, С arom -Н).
-M e t h y l -23 , 2 9 -d i p h e n y l -8 , 11, 14 -t r i o x a -2 4 -a z a h e x a c y c l o
1- (17-phenacyl-18-(2-oxo-2-phenylethyl)-7,9,10,16,17,18-hexahydro-6H-dibenzo[h,m] [1, 4, N 4.72, Н 5.82 1H, H(18'b), dd, J = 15.0, 3.7), 3.77 -3.87 (2H, H(18) , m, OCH 2 ), 4.0 -4.18 (7H, H(18'a) , m, OCH 2 ), 4.27 (1H, OCH 2 , dm, J = 9.8), 5.64 -5.75 (2H, H(17) , H(16) m), 6.15 (2H, NH 2 , s), 6.42 -6.47 (2H, H(2) , H(4), m), 6.56 (1H, H(1) , dd, J = 7.7, 1.9), 6.61 -6.68 (2H, H(12) , H (14) , m), 6.77 (1H, H(3) , ddd, J = 7.9, 7.7, 1.9), 6.87 -7.03 (5H, H(13) , H(15), H(3'), NH, m), 7.21 (1H, H(4'), tm, J = 7.4), 7.43 (2H, H(2'), m); 7.50 (2H, H(3"), tm, J = 7.5); 7.61 (1H, H(4"), tm, J = 7.4), 7.82 (2H, H(2"), m). 13 С NMR (100 MHz, DMSO-d 6 ) δ C ppm: 38.19 (C(18')); 43.82 (C (18) X-Ray crystallography. Crystals of 7 and 8 were obtained by the slow evaporation of DMF solutions. Single crystals of these compounds were mounted on a "Xcalibur 3"-CCD diffractometer (graphite monochromatized Мо-Kα radiation, λ = 0.71073 Å, ω scan mode, T = 295 K). The structure was solved by the direct methods with the set of programs SHELX97 and refined with anisotropic thermal parameters. [18] All hydrogen atoms were located in difference Fourier synthesis, but for the further refinement their geometrically calculated positions were used. All hydrogen atoms were refined with an isotropic approximation. 
